Mutations in the p53 tumor suppressor are frequent in patients with castration-resistant prostate cancer but less so in patients with localized disease, and patients who have Li-Fraumeni with germline p53 mutations do not have an increased incidence of prostate cancer, suggesting that additional molecular and/or genetic changes are required for p53 to promote prostate carcinogenesis. ELL-associated factor 2 (EAF2) is a tumor suppressor that is frequently downregulated in advanced prostate cancer. Previous studies have suggested that p53 binds to EAF2, providing a potential mechanism for their functional interactions. In this study, we tested whether p53 and EAF2 could functionally interact in prostate cancer cells and whether concurrent inactivation of p53 and EAF2 could promote prostate carcinogenesis in a murine knockout model. Endogenous p53 coprecipitated with EAF2 in prostate cancer cells, and deletion mutagenesis indicated that this interaction was mediated through the C terminus of EAF2 and the DNA binding domain of p53. Concurrent knockdown of p53 and EAF2 induced an increase in proliferation and migration in cultured prostate cancer cells, and conventional p53 and EAF2 knockout mice developed prostate cancer. In human prostate cancer specimens, concurrent p53 nuclear staining and EAF2 downregulation was associated with high Gleason score. These findings suggest that EAF2 and p53 functionally interact in prostate tumor suppression and that simultaneous inactivation of EAF2 and p53 can drive prostate carcinogenesis. (Endocrinology 158: 4189-4205, 2017) P rostate carcinogenesis is a multistep process involving alteration and loss of function in multiple tumor suppressors. One of the most well-known tumor suppressors is p53. The p53 gene is particularly subject to missense mutations [reviewed in Olivier et al. (1)] in which the p53 protein loses the ability to bind DNA and activate transcription of p53 target genes (2). Wild-type p53 protein functions to facilitate cell cycle arrest, DNA repair, and apoptosis in response to DNA damage and other stress signals, whereas mutated p53 can result in the continued replication of damaged cells. Mutations in p53 are less common in localized prostate tumors but are Patients who have Li-Fraumeni with germline p53 mutations do not have an increased incidence of prostate cancer, which also suggests that p53 has a limited role in early prostate tumorigenesis (8-10). Several studies have reported that p53 overexpression/mutation in combination with mutations in other tumor suppressors is associated with poor prognosis and disease recurrence in prostate cancer [reviewed in (11)]. Tumor formation in mice with conventional p53 deletion has been described in detail (12) (13) (14) . Briefly, p53 deficiency is not critical for embryonic and postnatal development. The most common tumor types in p53 +/2 mice are sarcoma in 57% and lymphoma in 25% of animals (12). The predominant tumor type in p53 2/2 is lymphoma (71%), particularly in the thymus (12). Tumor latency and life span in p53 2/2 is significantly shorter than in p53 +/2 mice (12). There has been no reported prostate phenotype in mice with conventional p53 deletion (12-14). Prostate-specific deletion of p53 also displayed no phenotype up to 18 months of age (15), but was reported to induce murine prostatic intraepithelial neoplasia (mPIN) in mice at 600 days of age (16). Tissue recombinants of p53-deficient adult prostatic epithelium and embryonic rat seminal vesicle mesenchyme resulted in nuclear atypia (17). Although p53 deletion alone has not definitively been shown to initiate prostate carcinogenesis in murine models, it has been shown to accelerate tumorigenesis when combined with the deletion of other tumor suppressors (15, 16, 18) . ELL-associated factor 2 (EAF2) is an androgen-responsive tumor suppressor that is frequently downregulated in advanced prostate cancer (19, 20 
Mutations in the p53 tumor suppressor are frequent in patients with castration-resistant prostate cancer but less so in patients with localized disease, and patients who have Li-Fraumeni with germline p53 mutations do not have an increased incidence of prostate cancer, suggesting that additional molecular and/or genetic changes are required for p53 to promote prostate carcinogenesis. ELL-associated factor 2 (EAF2) is a tumor suppressor that is frequently downregulated in advanced prostate cancer. Previous studies have suggested that p53 binds to EAF2, providing a potential mechanism for their functional interactions. In this study, we tested whether p53 and EAF2 could functionally interact in prostate cancer cells and whether concurrent inactivation of p53 and EAF2 could promote prostate carcinogenesis in a murine knockout model. Endogenous p53 coprecipitated with EAF2 in prostate cancer cells, and deletion mutagenesis indicated that this interaction was mediated through the C terminus of EAF2 and the DNA binding domain of p53. Concurrent knockdown of p53 and EAF2 induced an increase in proliferation and migration in cultured prostate cancer cells, and conventional p53 and EAF2 knockout mice developed prostate cancer. In human prostate cancer specimens, concurrent p53 nuclear staining and EAF2 downregulation was associated with high Gleason score. These findings suggest that EAF2 and p53 functionally interact in prostate tumor suppression and that simultaneous inactivation of EAF2 and p53 can drive prostate carcinogenesis. (Endocrinology 158: 4189-4205, 2017) P rostate carcinogenesis is a multistep process involving alteration and loss of function in multiple tumor suppressors. One of the most well-known tumor suppressors is p53. The p53 gene is particularly subject to missense mutations [reviewed in Olivier et al. (1) ] in which the p53 protein loses the ability to bind DNA and activate transcription of p53 target genes (2) . Wild-type p53 protein functions to facilitate cell cycle arrest, DNA repair, and apoptosis in response to DNA damage and other stress signals, whereas mutated p53 can result in the continued replication of damaged cells. Mutations in p53 are less common in localized prostate tumors but are frequently reported in advanced disease, particularly in patients with castration-resistant prostate cancer (3) (4) (5) (6) (7) . Patients who have Li-Fraumeni with germline p53 mutations do not have an increased incidence of prostate cancer, which also suggests that p53 has a limited role in early prostate tumorigenesis (8) (9) (10) . Several studies have reported that p53 overexpression/mutation in combination with mutations in other tumor suppressors is associated with poor prognosis and disease recurrence in prostate cancer [reviewed in (11) ]. Tumor formation in mice with conventional p53 deletion has been described in detail (12) (13) (14) . Briefly, p53 deficiency is not critical for embryonic and postnatal development. The most common tumor types in p53 +/2 mice are sarcoma in 57% and lymphoma in 25% of animals (12) . The predominant tumor type in p53 2/2 is lymphoma (71%), particularly in the thymus (12) . Tumor latency and life span in p53 2/2 is significantly shorter than in p53 +/2 mice (12) . There has been no reported prostate phenotype in mice with conventional p53 deletion (12) (13) (14) . Prostate-specific deletion of p53 also displayed no phenotype up to 18 months of age (15) , but was reported to induce murine prostatic intraepithelial neoplasia (mPIN) in mice at 600 days of age (16) . Tissue recombinants of p53-deficient adult prostatic epithelium and embryonic rat seminal vesicle mesenchyme resulted in nuclear atypia (17) . Although p53 deletion alone has not definitively been shown to initiate prostate carcinogenesis in murine models, it has been shown to accelerate tumorigenesis when combined with the deletion of other tumor suppressors (15, 16, 18) .
ELL-associated factor 2 (EAF2) is an androgen-responsive tumor suppressor that is frequently downregulated in advanced prostate cancer (19, 20) . Overexpression of EAF2 in prostate cancer cells can induce apoptosis and growth inhibition in cultured cells as well as in tumor xenografts (21) . Knockdown of EAF2 in prostate cancer cells induced proliferation and enhanced migration (22) , and Eaf2 2/2 mice developed mPIN lesions characterized by increased vascularity and a stromal response (19, 23) . However, these lesions did not progress to prostate cancer (19, 24) . We recently examined the role of EAF2 loss in conjunction with PTEN heterozygosity on prostate tumor formation in mice (25) . In these mice, 33% developed spontaneous prostate tumors accompanied by increased vascularity and proliferation by the age of 12 months, indicating that EAF2 could cooperate with other tumor suppressors in suppressing tumor development (25) . Our recent study suggested interactions between EAF2 and p53 (26) . EAF2 and p53 colocalize, coimmunoprecipitate, and cooperate in growth suppression when cotransfected in prostate cancer cell lines (26) . Because both p53 and EAF2 play important roles in prostate carcinogenesis, we investigated the significance of their interactions in prostate carcinogenesis by assessing the impact of Eaf2 loss in p53-deficient mice and concurrent knockdown of EAF2 and p53 in cultured C4-2 human prostate cancer cells as well as immunostaining analysis in human prostate cancer specimens.
Materials and Methods

Construction of plasmids
Full-length complementary DNA of human EAF2 and human p53 were subcloned into pCMV-Myc or pEGFP-C1 (Clontech, Mountain View, CA) vector to generate p-CMVMyc-EAF2 and pEGFP-C1-p53 as previously described (26) . EAF2 deletion mutants were generated previously (27) , and p53 deletion mutants were generated by polymerase chain reaction (PCR) and verified by sequencing.
5-Bromo-2'-deoxyuridine assay
C4-2 cells seeded on coverslips were treated with 2 nM R1881 for 48 hours following RNA interference. Cells were subsequently cultured in the presence of 10 mM 5-bromo-2 0 -deoxyuridine (BrdU) for 2 hours and then fixed with Carnoy fixative (3:1 volume-to-volume methanol and glacial acetic acid) for 20 minutes at 220°C. After treatment with 2 M HCl and 0.1 M boric acid, cells were incubated with 3% hydrogen peroxide for 10 minutes at room temperature, followed by blocking with 10% goat serum for 1 hour. Cells were then incubated with anti-BrdU antibody (Table 1) overnight at 4°C and CY3-labeled goat anti-mouse secondary antibody (catalog no. A10521; Life Technologies, Carlsbad, CA) for 1 hour at 37°C. The nucleus was stained with SYTOX Green (catalog no. S7020; Life Technologies). Images were acquired using a fluorescence microscope (Nikon TE2000-U; Nikon, Tokyo, Japan). Cells were counted using the Photoshop CS5 counting tool (Adobe, San Jose, CA) or Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD), and the number of BrdU-positive cells was assessed as percentage of the total cell number by counting the total number of BrdU-positive cells in at least five nonoverlapping fields for each condition at 340 magnification.
Wound healing and transwell migration assays
The wound healing assay was performed in a six-well plate. Following RNA interference, C4-2 cells were treated with 2 nM R1881 for 48 hours until they reached a density of ;70%. Straight scratches were made using a 200-mL pipette tip. Debris was removed by washing the cells with phosphate-buffered saline, and 2 mL of fresh medium supplemented with 2% fetal bovine serum (FBS) was added. Cells were incubated at 5% CO 2 and 37°C for 24 hours. Images were taken using brightfield microscopy (TS100; Nikon) at 0, 12, and 24 hours. Cell proliferation was normalized as a percentage of the initial cell number at time 0. Cells were harvested and counted with a hemocytometer at time 0, 12, and 24 hours and results were plotted on a linear scale as a percentage of the initial cell number at time 0. Each experiment was performed in triplicate and repeated a minimum of three times. Quantification of gap closure was also normalized to the initial gap size, and results were plotted as a percentage of the initial gap size at time 0. Cell migration was studied using a haptotactic migration assay. C4-2 cells were transfected with small interfering RNA (siRNA) at 100 pmol each for EAF2, p53, and combined EAF2 and p53 in a six-well plate for 48 hours, collected with trypsin treatment, resuspended in 200 mL of RPMI 1640/0.2% bovine serum albumin at 1 3 10 4 cells, and then placed into the top chamber of a transwell chamber (24-well, 8-mm pore size; Corning, Corning, NY). The bottom chamber contained 10% FBS as chemoattractant. After 36 hours, nonmigrating cells on the top surface of the chamber membrane were gently removed with a cotton swab. The cells that migrated to the opposite side of the membrane were fixed stained with 0.1% crystal violet and counted in five random optical fields (3400 magnification) using brightfield microscopy.
Generation of EAF2 and p53 gene deletion mice
Preparation of mice with specific deletion of the Eaf2 or p53 genes has been described previously (19, 26, 28) . Heterozygous Eaf2 mice on a C57BL6/J background were crossed with heterozygous p53 mice (catalog no. 002101; B6.129S2-Trp53 tm1Tyj / J; The Jackson Laboratory, Bar Harbor, ME) and these mice were again intercrossed to generate various cohorts with either p53 2/2 , p53 +/2 , or p53 +/+ background (Supplemental Fig. 1A ). Genotyping was performed using PCR analysis of mouse tail genomic DNA at age 21 days and after euthanization (Supplemental Fig. 1B) (19, 28) . All mice were maintained identically, under approval by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Histopathologic analysis
Samples were fixed in 10% formalin for at least 24 hours, then embedded in paraffin, sectioned at 5 mm, and stained with hematoxylin and eosin. All tissues were examined and scored by a board-certified animal pathologist in a blinded fashion (L.H.R., V.M.D). Lesions were identified as mPIN and prostate cancer per the criteria published by Shappell et al. (29) commonly used to score prostate lesions in transgenic mouse models. mPIN were dysplastic lesions that appeared mainly as cribriform structures along with occasional stratification of cells, papilliferous structures, and tufts of cells (29) . These lesions may fill and expand the glandular lumen, but they did not invade the basement membrane. Prostate cancer lesions were characterized by a loss of basal cells (30) . Prostate cancer lesions were unencapsulated, often poorly circumscribed, and comprised of haphazard acini and lobules of pleomorphic cells with no or limited amounts of fibrovascular stroma (29) . They may also be arranged in solid sheets of cells. Necrosis, vascular invasion, and/or local invasion of the tumor beyond the basement membrane into surrounding stromal tissues may be observed (29) .
Cell culture, transfection, and RNA interference 
Coimmunoprecipitation
HEK293 cells were transfected with indicated plasmids, cultured for 48 hours, and then lysed in RIPA lysis buffer [50 mM Tris-HCl, 1% Nonidet P-40, 150 mM NaCl, 1mM EDTA, and 0.25% sodium deoxycholate (pH 7.8)]. After preclearing with protein A/G Plus-agarose beads (catalog no. sc-2003; Santa Cruz Biotechnology) for 2 hours, cell lysates were mixed with anti-GFP or Myc antibody-conjugated agarose beads (Table 1 ) and rotated for 2 hours at 4°C. Then beads were washed with lysis buffer five times. Finally, immunoprecipitates and whole-cell lysate were boiled with sodium dodecyl sulfate (SDS) sample loading buffer for 10 minutes and then subjected to western blot analysis.
For coimmunoprecipitation of endogenous EAF2 and p53, C4-2 cells were treated with control siRNA or p53 siRNA for 48 hours and treated with 1 nM R1881 for 24 hours. DNA damage was induced by treatment of cells with 1.0 mg/mL doxorubicin for 6 hours. Nuclear extracts (NEs) were immunoprecipitated with immobilized anti-p53 (FL-393). Specifically, 100 to 150 mL of NE at 0.5 mg/mL and 5 mg of conjugated anti-p53 antibody were gently mixed and rotated at 4°C for 1 hour, then centrifuged at 5000 3 g for 3 minutes at 4°C to remove NEs. The pelleted antip53 beads were then added with 100 to 150 mL of fresh NE to repeat immunoprecipitation, which was repeated three to four times. The pelleted beads were then washed with 800 mL of lysis buffer for 3 minutes at 4°C for a total of five times. Protein expression was analyzed by western blot.
Western blot
Cell samples were lysed in RIPA buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1% (volume-to-volume) Nonidet P-40, 0.1% SDS, 0.25% sodium deoxycholate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride; 1:100 dilution of protease inhibitor cocktail; catalog no. P8340, Sigma-Aldrich, St. Louis, MO], and protein concentration was determined by bicinchoninic acid protein assay (Thermo Scientific, Rockford, IL). Tissue lysate was boiled with SDS sample buffer, separated on a NEXT GEL 10% gel (Amresco, Dallas, TX) under reducing conditions, and transferred onto a nitrocellulose membrane. Blotted proteins were probed with primary antibodies (Table 1) followed by horseradish peroxidase-labeled secondary antibody (Santa Cruz Biotechnology). Signals were visualized using chemiluminescence (ECL western blotting detection reagents; GE Healthcare, Pittsburgh, PA) and exposed to X-ray film (Fuji Film, Tokyo, Japan).
Human prostate tissue specimens
Human prostate tissue specimens without any previous chemotherapy, radiotherapy, or hormone therapy were obtained from the surgical pathology archives of the University of Pittsburgh Prostate Tumor Bank under approval by the University of Pittsburgh Institutional Review Board from deidentified tumor specimens consented for research at time of treatment. Specimens included nine matched prostate cancer and benign prostate specimens adjacent to prostate cancer as well as two tissue microarray (TMA) slides. TMA specimens scored included 104 normal prostate specimens adjacent to malignant glands plus 16 normal donor prostate specimens, 64 high-grade prostatic intraepithelial neoplasia specimens, and 216 acinar type specimens of prostatic adenocarcinoma.
Immunohistochemical staining
The methods of tissue collection and immunostaining have been published previously (19) . Briefly, tissues were fixed in 10% phosphate-buffered formalin at 4°C overnight. Samples were then embedded in paraffin, sectioned at 5 mm, and stained with hematoxylin and eosin. Slides were then counterstained in hematoxylin and coverslipped. Immunostained sections (antibodies listed in Table 1 ) were imaged with a Leica DM LB microscope (Leica Microsystems, Bannockburn, IL) equipped with a QImaging MicroPublisher 3.3 RTV digital camera (QImaging, Surry, BC, Canada). All tissues were examined by a board-certified veterinary pathologist (L.H.R.) or a boardcertified genitourinary pathologist (A.V.P.) using light microscopy. Immunostained sections were imaged with a Leica LMD6000 microscope (Leica Microsystems Inc.) equipped with a Hitachi 3-CCD HV-D20P digital camera (Hitachi Kokusai Electric Inc., Tokyo, Japan) and Leica Laser Microdissection version 6.3 software.
Immunostaining image analysis
Slides stained with EAF2 and p53 were evaluated semiquantitatively. The percentage of prostate epithelial cells in each core that expressed the antigen was estimated at a final magnification of 340. Protein expression was assessed as a function of staining intensity and percentage of cells exhibiting each level of intensity. The intensity of the reaction product was based on a four-point scale: none, faint/equivocal, moderate, and intense. An H score was calculated for each immunostain by cell type using the following formula: H score = 0 (% no stain) + 1 (% faint/equivocal) + 2 (% moderate) + 3 (% intense).
Statistical analysis
Comparison between groups was calculated using a Student t test. The Kaplan-Meier test was used to calculate survival, and the log-rank test was used for evaluation of significance in the murine knockout model. The two-tailed Fisher exact test was used to determine whether tumor frequency differed between animal cohorts and whether alteration frequency differed between prostate tissue specimens. A P value of ,0.05 was considered significant. GraphPad Prism version 4 was used for graphics (GraphPad Software, San Diego, CA).
Results
Endogenous coimmunoprecipitation of EAF2 and p53
Epitope-tagged EAF2 was shown previously to coimmunoprecipitate with p53 in transiently transfected HEK293 cells (26) . To further evaluate the physiological relevance of this finding in prostate cancer, coimmunoprecipitation of endogenous p53 and EAF2 using an antip53 antibody in C4-2 prostate cancer cells was performed (Fig. 1A) . DNA damage induced by doxorubicin increased p53 protein level and EAF2 coprecipitation, whereas siRNA knockdown of p53 significantly inhibited the coprecipitation of EAF2 protein, suggesting that endogenous EAF2 and p53 are present in the same protein complex in prostate cancer cells.
Deletion mutagenesis followed by coimmunoprecipitation was performed to determine the regions required for EAF2 binding to p53 in HEK293 cells. The EAF2 fragment containing amino acids 1 to 245 was unable to bind to GFP-p53 (Fig. 1B) , suggesting that the amino acids 245 to 260 of the C-terminal portion of EAF2 was essential for its interaction with p53. The EAF2 fragment amino acids 1 to 161 had reduced binding to GFP-p53 compared with full-length Myc-EAF2, potentially due to conformational changes that might inhibit but not prevent efficient EAF2 and p53 binding. Although coprecipitation of p53 by EAF2 was weak in this experiment (see Fig. 1B , lane 2), the coprecipitation was reproducible and indicated the interaction between full-length EAF2 and GFP-p53. Mutation analysis with p53 demonstrated that the DNA binding domain (DBD) of p53 containing amino acids 100 to 292 was required for interaction with EAF2 (Fig. 1C) . These results indicate that the interaction is mediated through the C terminus of EAF2 and the DBD of p53.
Combined knockdown of EAF2 and p53 promotes cell proliferation and migration C4-2 cells were transfected with siRNAs against EAF2 and/or p53 (Fig. 2) . Knockdown of p53 alone induced a moderate, nonsignificant increase in proliferation (P = 0.07) similar to that previously reported for LNCaP cells (32) . Paralleling our previous results (22) , single knockdown of EAF2 in C4-2 cells increased cell proliferation as evidenced by increased BrdU uptake ( Fig. 2A  and 2B ). Moreover, proliferation was further enhanced after combined transfection with siRNA against EAF2 and p53 as indicated by a significant increase in BrdU uptake in double compared with single knockdown cells.
These results indicated that EAF2 and p53 were both functionally significant in the modulation of cellular proliferation in prostate cancer cells. Both the wound healing scratch assay and haptotactic migration assay confirmed that C4-2 cell migration was significantly enhanced after knockdown of p53 or EAF2. Combined knockdown of EAF2 and p53 significantly increased gap closure as well as transwell migration compared with individual knockdown of either EAF2 or p53 (Fig. 2C-2F ). Similar effects on proliferation and migration were achieved when we targeted EAF2 and p53 with different siRNA sequences, excluding potential nonspecific siRNA effects (Supplemental Fig. 2 ). LNCaP cells transfected with siRNAs against EAF2 and/or p53 also induced similar increased BrdU uptake and wound healing (Supplemental Fig. 3) . Normalization of the number of C4-2 and LNCaP cells for double EAF2 and p53 knockdown compared with control cells was performed to ensure that cell proliferation did not impact wound healing or migration (Supplemental Fig. 4) . These results suggest that p53 and EAF2 cooperate to suppress tumor growth and motility in cultured prostate cancer cells and that their combined loss may act to promote prostate carcinogenesis.
Prostate intraepithelial neoplasia and adenocarcinoma in Eaf2-and p53-deficient mice
To determine the potential impact of concurrent EAF2 and p53 loss on prostate carcinogenesis in vivo, we generated Eaf2-deficient mice on either a p53 2/2 or p53 +/2 background (Supplemental Fig. 1 ). Because Eaf2 loss on the C57BL/6J background induced mPIN lesions but not tumors in other major organs (23), the C57BL/6J Eaf2 males (Supplemental Fig. 1D ). Necropsies of female Eaf2 2/2 p53 2/2 mice revealed thymic lymphoma in four of five animals, lymphoma in multiple organs . Cells were grown in 2 nM R1881 48 hours prior to harvest to induce detectable levels of EAF2 expression. GAPDH served as internal loading control. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001.
including the ovaries, as well as the development of ovarian cysts (data not shown). The absence of Eaf2 is not associated with impaired recovery of females (19) , and Eaf2-deficient females are fertile and have a normal lifespan (unpublished data). In addition to decreased recovery of females, loss of p53 has been reported to significantly reduce fertility rates (35 p53 +/2 females were not followed for survival, nor were they examined for histological defects.
A total of 149 mice with eight different genotypes were studied for up to 540 days with respect to survival and prostatic defects ( background induced a statistically significant increase in Ki67-positive proliferating cells ( Fig. 3B and 3C ), but it had no effect on proliferation on a p53 Fig. 5 ), in agreement with the lack of alteration in p53 or EAF2 protein levels in C4-2 or LNCaP cells treated with sip53 or siEAF2 (see Fig. 2G and Supplemental Fig. 3E ). No antibodies were available at the time of this study to examine the expression of EAF2 in murine tissues; however, EAF2 is not a known p53-regulated gene in the literature (36 (Fig. 4B and 4C ). Combined homozygous loss of Eaf2 and p53 heterozygosity induced high-grade PIN lesions accompanied by increased proliferation (Fig. 4) . However, the increased mice displayed prostate adenocarcinoma (Fig. 4) , suggesting that heterozygous deletion of p53 in the absence of wild-type Eaf2 could contribute to high-grade mPIN lesions but was insufficient to induce prostate cancer. As in previous reports, Eaf2 +/+ p53 +/2 mice did not display mPIN lesions (none of six).
Eaf2 knockout has previously been shown to induce increased vascularity in the murine prostate, and EAF2 downregulation was correlated with increased vascularity in human prostate tumors (24) . The normal prostate has prominent stromal vasculature and rarely intraductal vessels, whereas there is a noticeable migration of vessels into the prostatic duct within PIN lesions, which has been postulated as a tumor "initiation switch" (37) . The intraductal microvessel density (IMVD) was determined at 340 magnification in the dorsal prostates of Eaf2-and p53-deficient mice where the epithelial defects induced by combined loss of Eaf2 and p53 were least prominent to identify whether increased IMVD could contribute to tumor initiation. Eaf2 2/2 p53 +/+ mice displayed a small but statistically significant increase in IMVD at 4 to 6 months of age, whereas Eaf2 2/2 p53 2/2 mice had a profound increase in intraductal vessels (Fig. 5A and 5B). Although 
Eaf2
+/2 p53 2/2 mice had a significant increase in proliferation at 4 to 6 months of age, IMVD was not increased. At 17 months of age, Eaf2 2/2 p53 +/2 mice also displayed a statistically significant increase in IMVD compared with Eaf2 +/+ p53 +/+ and Eaf2 2/2 p53 +/+ mice ( Fig. 5C and 5D) . Additionally, Eaf2 +/2 p53 2/2 mice also displayed an increased IMVD compared with wildtype controls. These results suggest that prostate luminal epithelial proliferation is significantly increased in mice with combined Eaf2 and p53 deficiency, and the microenvironment is highly vascularized, which may further promote increased cellular proliferation and tumorigenesis. The prostate epithelial cell types are frequently identified by their expression of distinct markers. For example, luminal epithelial cells express cytokeratin 18, basal cells express p63, and neuroendocrine cells express synaptophysin (38) . Prostate adenocarcinomas in the Eaf2 2/2 p53 2/2 mice were characterized by a loss of p63-positive basal cells, which is characteristic of prostate tumors (39, 40) , and reduced immunostaining of cytokeratin 18 (Fig. 6A) . The surrounding stroma of 2/2 mice was not positive for reactive stromal marker tenascin-C, which has been frequently used to identify cancer-associated fibroblasts and has been associated with metastasis (41) . Eaf +/+ p53 +/+ displayed p63-positive basal cells and the absence of tenascin-C staining in the surrounding stroma (Supplemental Fig. 6 ). One of the tumors in Eaf2
2/2 mice displayed areas of positive tenascin-C immunostaining in the stroma immediately surrounding the tumor, as well as several synaptophysin-expressing neuroendocrine cells (Fig. 6B) . The one prostate sarcoma identified in an Eaf2 2/2 p53 +/2 at 17 months of age was characterized by an increase in Ki-67-positive proliferating cells, as well as increased collagen surrounding the tumor and nearby glands (Fig. 6C) . Neuroendocrine staining was absent in the prostate sarcoma. These results suggest that prostate tumors in the Eaf2 2/2 p53 2/2 mice had a luminal epithelial phenotype without a reactive stroma.
Expression of EAF2 and p53 in human prostate tissue specimens EAF2 has previously been shown to be downregulated in advanced human prostate tumor tissue specimens (21) . Most studies suggest that p53 mutation/loss is frequent in advanced stage and castration-resistant prostate cancers (3, 42) . Immunohistochemical detection of p53 nuclear accumulation in tissue specimens has been highly correlated with p53 mutations in several tumor types (43, 44) , including prostate cancer (42) . More recently, positive p53 immunostaining was strongly associated with mutations in exons 5 to 8 of p53 (5), which are located in the domain where p53 interacts with EAF2 (see Fig. 1 ). The expression of p53 and EAF2 was examined in human prostate cancer tissue specimens using immunostaining of human prostate tissue specimens assembled in two TMAs as well as an additional nine patients with tumor and normal adjacent to tumor tissues (Tables 3 and 4) . Tissue specimens in the TMA that did not contain prostate epithelial cells, or that were washed away during the staining process, were not scored. Compared with normal adjacent prostate (NAP) to tumor and donor prostate tissues, EAF2 expression was significantly reduced and nuclear accumulation of p53 was significantly increased in prostate cancer tissues ( Fig. 7A and 7B ). EAF2 expression was also significantly decreased in PIN lesions, suggesting that EAF2 downregulation might contribute to early carcinogenesis (Fig. 7B) . To determine the frequency of combined alterations in p53 and EAF2 expression, aberrant expression was defined as an H score of .140 for p53 [which corresponds to strong nuclear expression in .45% of tumor cells and has been reported to correlate with p53 mutation (44) ] and an H score of ,150 for EAF2 (which corresponds to strong nuclear expression in ,50% of tumor cells). Specimens were categorized as having p53 and EAF2 alteration (Both), (Fig. 7C) . These results suggest that combined aberrant expression of EAF2 and p53 is associated with high Gleason score.
Discussion
Our findings in this study demonstrate physical and functional interactions between two tumor suppressors, EAF2 and p53, in the prostate. We presented evidence for coprecipitation of endogenous p53 with EAF2, significantly increased cell proliferation and migration upon concurrent knockdown of EAF2 and p53 in C4-2 prostate cancer cell lines, and the induction of prostate carcinogenesis by concurrent knockout of Eaf2 and p53 in the mouse model. Furthermore, high Gleason score was correlated with EAF2 downregulation and p53 nuclear staining in human prostate cancer specimens. These findings suggest that simultaneous inactivation of EAF2 and p53 can drive the initiation and progression of prostate cancer. The presence of EAF2 and p53 in the same protein complexes provides a potential mechanism for these two proteins to modulate the functions of each other. EAF2 was reported as a transcriptional elongation factor (45, 46) . The transcriptional activator role of p53 is critically important for its biological effects. p53 could modulate the expression of various target genes through sequencespecific transactivation via p53-binding/responsive elements as well as sequence-independent regulation of a wide variety of genes that do not contain p53-binding/ responsive elements. Pull-down and deletion mutagenesis demonstrated that the C terminus of EAF2, which contains a transactivation domain (46) , interacts with the DBD of p53 in prostate cancer cells (see Fig. 1 ). When present in the same complex, p53 could modulate the transcription elongation activity of EAF2. Conversely, EAF2 may modulate both sequence-specific and/ or sequence-independent transcriptional regulation by p53 or interfere with p53 binding to DNA. In addition to Table 3 and are expressed as mean 6 standard deviation. TMA specimens that were washed away during the immunostaining process were not scored. C. Alteration frequency of specimens with no alteration in EAF2 or p53 expression (Neither), upregulated p53 (p53+), downregulated EAF2 (EAF22), or concurrent upregulation of p53 and downregulation of EAF2 (Both) in NAP, PIN, and CaP with Gleason scores of ,6, 7, or .8. Scoring was quantified for patients with both EAF2 and p53 immunostaining scores; specimens missing either EAF2 or p53 data due to tissue loss during the immunostaining process were not included. The numbers of patients are indicated in parentheses. ***P , 0.001, ****P , 0.0001. directly modulating the expression of downstream genes at transcription or transcriptional elongation, p53 and EAF2 could modulate the expression of some genes via indirect mechanisms. Analysis of the genes regulated by p53 and EAF2 will provide greater insight into the precise functional role of EAF2 interaction with p53 in prostate homeostasis.
The mechanisms by which concurrent loss of EAF2 and p53 contributes to prostate carcinogenesis are undoubtedly complex and involve multiple signaling pathways. Interestingly, note that individual deletion of either Eaf2 or p53 was insufficient to promote tumorigenesis in the murine model, whereas combined homozygous Eaf2 and p53 deletion induced prostate adenocarcinoma as early as 4 to 6 months of age. The intraductal blood vessel density is significantly higher in the prostate with loss of both Eaf2 and p53 as compared with the wild-type or the single knockout of Eaf2 or p53. This increase in blood vessels is likely to also contribute to prostate carcinogenesis (37) . Murine models with conditional deletion of p53 in the prostate have also developed mPIN lesions in some models but not others, potentially due to the Cre recombinase or to genetic background. For example, PBdriven Cre induced deletion of Rb and p53 in the mouse prostate in one study induced malignant tumors coexpressing neuroendocrine and epithelial markers (16) , whereas Fabpl-driven Cre recombinase induced neuroendocrine prostate tumors lacking expression of the epithelial markers keratin 17/19 in mice with combined Rb and p53 deletion in another study (18) .
Recently, a p53 R270H mutation model that conditionally expressed the R270H Tp53 GOF mutation in the prostate epithelium of mice was shown to develop mPIN and prostate cancer (47) , suggesting that p53 gain-offunction mutations play a significantly different role in prostate carcinogenesis than that of mutations resulting in loss of p53 function. We recognize the limitation for using nuclear p53 staining as a readout for p53 abnormality in prostate cancer specimens. The nuclear staining of p53 may not differentiate inactivating from activating p53 mutants, and future studies using models such as the p53 R270H mouse will be required to determine whether EAF2 downregulation also plays an important role in prostate cancers with gain-of-function p53 mutations. However, strong p53 staining was closely associated with point mutations of p53 and rapid biochemical recurrence in an analysis of a tissue microarray containing 11,152 prostate cancer samples (7) . In the same study, no homozygous deletion was detected, although heterozygous p53 deletion was detected in ;14% of the tumors. In a different study by Schlomm et al. (5) , although only 38% of immunohistochemistry-positive prostate cancers were confirmed as mutated by direct sequencing of the p53 gene, p53 mutated and unmutated immunohistochemistry-positive cancers had similar poor prognosis (5). Schlomm et al. (5) suggested that p53 immunostaining positivity detected some p53 mutations that were subsequently missed by sequencing analysis because they were located in other exons or due to contamination of sample cores with nonneoplastic cells. Therefore, immunostaining of p53 provides a costeffective approach for evaluating p53 abnormality in prostate cancer specimens.
In summary, these studies demonstrate physical and functional interactions between two important tumor suppressors, p53 and EAF2, in prostate carcinogenesis. 
